The inter-annual variations in the sea surface temperatures (SSTs) of the tropical and subtropical Pacific Ocean have been widely investigated, largely due to their importance in achieving the sustainable development of marine ecosystems under a changing climate. The El Niño-Southern Oscillation (ENSO) is a widely recognized variability. In the subpolar region in the southern hemisphere, the Antarctic Circumpolar Current (ACC) is one of the main sources of the Peru Current. A change in the SST in the Southern Ocean may change the physical properties of the seawater in the tropical and subtropical Pacific Ocean. However, the variations in the SST in the Southern Ocean have rarely been addressed. This study uses a 147-year (1870-2016) dataset from the Met Office Hadley Centre to show that the SST anomalies (SSTAs) in the oceans west and east of South America and the Antarctic Peninsula have strong positive (R = 0.56) and negative (R = −0.67) correlations with the Niño 3.4 SSTA, respectively. Such correlations are likely related to the changes in circulations of the ACC. We further show that, statistically, the temporal variations in the SSTAs of the ACC lead the Niño 3.4 SSTA by four to six months. Such findings imply that change in the strength of ENSO or circulation under the changing climate could change the climate in regions at higher latitudes as well.
Introduction
Without the influence of marginal barriers, the Drake Passage establishes the strongest and longest current in the oceans, the Antarctic Circumpolar Current (ACC). The ACC has a volume transport of approximately 130-140 Sv (1 Sv ∼ = 10 6 m 3 s −1 ), extending around the globe to a length of approximately 24,000 km. The ACC connects the Atlantic, Pacific, and Indian Oceans, serving as a conduit for all active and passive oceanic tracers, notably heat and salt, which affect the Earth's climate, oceanic mass stratification, circulation, as well as air-sea heat and mass exchanges [1] . For instance, the intensity of the ACC strongly affects the marine ecosystems and sea surface temperature (SST) in the Southwest Atlantic Ocean [2] [3] [4] [5] . However, largely due to its remoteness and harsh environmental conditions, the Southern Ocean is relatively poorly sampled and investigated [6] .
South America and the Falkland Islands are major constraining landforms for the ACC and Falkland Current (FC, also known as the Malvinas Current), forming a complex hydrographic system. In the Southwest Atlantic Ocean, the Patagonian Shelf, where the surface ocean circulation is dominated by the opposing flows of the Brazil Current (BC) and the FC [7] , is also a region with a complex pattern It has been widely recognized that the El Niño-Southern Oscillation (ENSO) causes significant inter-annual climate variations in the Northern Pacific. The influences extend as far as South America [12] [13] [14] [15] [16] [17] [18] [19] . Generally, the differences in the responses to ENSO in the Southern Hemisphere are mostly governed by atmospheric changes that induce extratropical sea surface temperature (SST) anomalies. The inter-annual variations of the surface air temperature over South America seem to be influenced by the ENSO, which also impacts the atmospheric circulation [20, 21] . For instance, Scardillietal [22] indicated that precipitation in Southeast South America also responded directly to ENSO patterns. However, the linkages between those reported variabilities are still unclear. Generally, ENSO-related climate variations have been studied largely using easily accessible SST datasets. This could be because SST is an important indicator used to investigate the physical statuses of the oceans, as well as the potential influence of the ocean on the climate through air-sea energy and mass exchanges [23] .
The 
Materials and Methods

HadISST
A 147-year (from January 1870 to December 2016) time series of monthly mean SST data was obtained from the Hadley Centre Global Sea Ice and Sea Surface Temperature (HadISST) datasets [24] , which have a spatial resolution of 1 
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Complex Hydrography in the Southwest Atlantic Ocean
The SSTs taken from the study area (the red frame shown in Figure 1 ) indicate that, in the Southwest Atlantic Ocean, such SSTs undergo strong seasonal variations, which is further confirmed by the results of the fast Fourier transform (FFT) analysis (not shown). This result is consistent with recent studies showing that the seasonal cycles of the SSTs in the Southwest Atlantic Ocean account for over 90% of the variance of the SSTs [26] . Rivas [8] also suggested a very clear annual cycle using annual harmonic analysis based on 18-year time series data (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) . Therefore, to place emphasis on the inter-annual SST variability over the oceans east and west of South America, we remove the annual cycle signal in this study and the subsequent analysis deals only with residual time series. Figure 2a plots the SSTA time series, showing the clear inter-annual and inter-decadal variations in our study area. The strongest cycles of the variations, as shown using the FFT, are between 2.1 and 49 years (Figure 2b ). We also noticed that numbers of observations in the study area are incomplete especially during the two World Wars (1914-1918, and 1938-1945) (Figure 2c) , it may result in some uncertainties in discussing findings in this study. Although the observations are not continuous, previous studies showed that the South Atlantic Ocean was found to also experience significant inter-annual to multi-decadal variabilities in hydrology [1, [27] [28] [29] [30] . Interestingly, the results of the FFT analysis indicate a significant spectral peak at the cycles of 2-5 years, which matches the 3-5-year cycles of ENSO in recent decades [31] . In fact, the inter-annual SST variability in the South Atlantic Ocean was suggested to have a certain correlation to the variabilities in the climate in South America [17, 31] . Such results suggest that changes in the SSTA in the South Atlantic Ocean could be similar to those in the tropic and subtopic Pacific Ocean. To investigate this relationship, we examine the correlations between the variations of SSTA in our study area and the ENSO as follows. 
Relationships between the SSTA Composites and the ENSO
It is noteworthy that the variations in the SSTA shown in Figure 2 might correlate with the ENSO phenomena. To simplify, we first adopt the definition and methodology from KaoandYu [32] and hence identify the ENSO years using the following method. The years of the ENSO years/events are identified when the December-February means of the Niño 3.4 SSTA depart from zero by more than one standard deviation of 0.98 • C (Figure 3) . Table 1 Figure 3) .
Year
>1 std (warm phase year) 1957-1958, 1972-1973, 1982-1983, 1986-1987, 1991-1992, 1997-1998, 2009-2010, 2015-2016 <−1 std (cold phase year) 1950-1951, 1951-1952, 1955-1956, 1970-1971, 1973-1974, 1975-1976, 1984-1985,1988-1989,1998-1999, 1999-2000, 2007-2008, 2010-2011 Figure 4 shows the spatial distributions of the SSTA composites during the ENSO warm-or cold-phase years between 1950 and 2016. The results show that, in the warm-phase years, the vicinity of Peru and the BMC region showed positive SSTAs (Figure 4a) . Meanwhile, the South and Southwest Atlantic Ocean showed negative SSTAs. In contrast, in the cold-phase years, the vicinity of Peru and the BMC region showed negative SSTAs (Figure 4b) . Meanwhile, the Southwest Atlantic Ocean showed positive SSTAs. Such a result shows that the SSTA variability in our study area is highly correlated with that of the Niño 3.4 region and is regionally dependent. In a nutshell, the variability of the SSTAs in the vicinity of Peru and the BMC region was in phase with that of the Niño 3.4 SSTA, while the variability of the SSTAs in the South and Southeast Atlantic Ocean was out of phase with that of the Niño 3.4 SSTA. Table 1 and shown in Figure 4 ) between 1950 and 2016. The ocean areas with incomplete data are shown in white.
The Evolution of the SST Anomalies Associated with ENSO-Related Phenomena
Previous studies have shown that regions experiencing the influences of ENSO on SST or seawater chemistry had different time phase differences in their temporal changes [33, 34] . The changes in SSTAs in our study area might temporally lead or lag that of the Niño 3.4 SSTA. To examine this relationship, the cross-correlation coefficient (R) between the SSTAs in our study area and the Niño 3.4 SSTA with different lagging phase was determined. Figure 5 shows the spatial distributions of the R values.
Our results show that the R values reached a maximum of 0.56 for the Southeast Pacific Ocean and a minimum −0.67 for the Southeast Atlantic Ocean with the SSTAs leading the Niño 3.4 SSTA by four months (Table 2, Figure 5) . Notably, the magnitudes of the R values decreased when the SSTAs lagged behind the Niño 3.4 SSTA (e.g., lagging the Niño 3.4 SSTA by two to 12 months, Figure 5 ).
The SSTAs leading the ENSO may be due to background oceanic circulation that allows the warming signal to propagate northward via the Peru Current during the development of ENSO [35] . By contrast, the ENSO could lead the changes of regional climate in the Asian and the Antarctic [36, 37] . It is worth mentioning that the spatial distributions of the average SSTA shown in Figure 5 as well as the R values shown in Figure 5 are regionally dependent events. It is likely that, during the warm phases of ENSO, the Peru Current originated by the north flow of ACC decreased, and vice versa in the cold phases. The decrease in the amount of incoming relatively cold ACC causes an increase in the SST, and vice versa. Therefore, the SSTAs in the Southeast Pacific Ocean showed positive values in the warm phases and negative values in the cold phases. In contrast, the eastward flow of the ACC enhanced during the ENSO warm phases, and vice versa in the cold phases. Therefore, the SSTAs in the Southeast Atlantic Ocean showed negative values in the warm phases and positive values in the cold phases. Although the driving forces for the changes remain unclear, it is clear that the SSTAs in our study area have patterns of changes similar to those of the Niño 3.4 SSTA. The implication is that a change in the strength of the ENSO, the circulation in our study area, or a combination of both under a changing climate could change the climate in oceans in higher latitudes. On the one hand, ENSO could influence the SSTAs in the regions of Southeast South America and Southeast Atlantic Ocean due to the teleconnection between the tropical Pacific and the Southern Ocean via the Rossby wave train [35, 38] . On the other hand, the warming signal in the study area could propagate northward via the Peru Current to further enhance ENSO phenomena [35] . 
Conclusions
Using a 147-year dataset from the Met Office Hadley Centre, we show that the SSTA in the oceans west and east of South America and the Antarctic Peninsula have strong positive and negative correlations with the Niño 3.4 SSTA, respectively. Likely, the changes are due to the changes in the circulation of the ACC. Statistically, the temporal variations in the SSTA of the ACC lead the Niño 3.4 SSTA by four to six months. Although the driving force is unclear, our study implies that changes in the strength of ENSO or circulation of the ACC under changing climate may change the climate in higher-latitude oceans. 
